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I. INTRODUCTION 


A. GENERAL AND OBJECTIVE 

Minimizing vibrations has long been an important part of engineering design. 
Suppressing noise and vibrations, especially in the lower frequency ranges, is very 
Important for the Navy since submarines and surface ships become quicter and 
detection becomes more difficult. Noise suppression usually 1s accomplished by using 
high-damping non-metallic materials to 1solate the machinery from the hull; or by 
dissipating the energy within the structure. The Navy’s primary efforts have bcen on 
isolating the machinery. The methods of isolation include: 

1. Use of a viscoclastic mount. 

2. Blanketing the structure. 

3. Increasing the stiffness of the structure creating the noise. 

4. Tuning. 

5. Reducing manufacturing tolerances. 
Among these methods extensive use of resilient mounts 1s the primary approach used. 
This stems partly from the fact that hardly any structural metal or alloy possesses any 
significant damping capacity. If a metal or alloy with a high damping capacity could 
be found, ship silencing could be better accomplished by using these energy absorbing 
matenals as component parts. 

Damping is a property of a structure describing how rapidly vibration decays 
once it is excited. It is a function of many vanables such as geometry, exciting 
frequency, temperature, and stress/strain level. Cast iron has been considered to be the 
only acceptable structural material with sigmificant damping capacity currently 
available. However, it can be secn (Figure 1.1) that other materials are also available, 
especially the manganese-copper alloys. 

The objective of this thesis is to recommend a standardized measurement 
technique to provide consistent and reliable damping characteristics of high damping 


alloys. 


B. BACKGROUND | 
Initial Naval Postgraduate School material damping research implemented a 


testing procedure for measuring viscous dumping in large metal plate specimens at low 


Pure Mg (cast) Mg Alloy 
—_ Mg Alloy 
— Pure Mg (wrought) 


cs s B 


DAMPING INDEX 
PR oe | ae sero 


a — Vanganese-Copper Alloys 

— Nitinols 
a HIGH 
2 —— High Carbon Flake Cast Iron 

“Pure Nickel 

vase et Ns: FERROMAGNETICS 


Thoria ( ie) Nickel 


— Mg Alloy A2318F (1 in. Rolled Plate) 
w= =~ Spun Cast Iron —_ ha 
9 


—__. Mallory No-Chat 
2 ote! 
POWDER METAL COMPACTS 
— Austentic Flake Cast Iron 
=— Certain litanium Binary Alloys 
~~ S.A.P. Aluminum 


—— Normalized 0.08% C Steel. 


—— Ferritic Stainless Steels MEDIUM 
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6 


Blackheart Malleable CAST IRONS 
As-Cast Pearlitic Nodular 


__. As-Cast Hidurel Copper 
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Lo 
Le —— Austenitic Stainless Steels 


= le. 
ase -=— Brass, Free-Cutting 


as — Normalized 0.65 and 0.80% C Steels 


a3. =—— Al Alloy 1100-F LOW 
— Al Alloy 2011-T3 


6.3 


Less than 0.2iMg alloys AZ91C-T4(cast)AZ81XA-T4(cast): 

Al alloys2017-T4:Allegheny Ludlumalloys hi-temp 25.N-155.19-9DL: 

S-816. Most commercial titanium alloys. Brasses and bronzes. 
Many ferrous and non-ferrous alloys not listed above. 


Figure 1.1 Material Damping Index {Ref. 1} 
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stress levels using an impulse hammer technique. The specimen could be placed in an 
environmental chamber for testing in either an air or water environment. Temperature 
control allowed testing to be conducted in the range of 30°F. to 90°F [Ref. 2]. Further 
testing introduced and validated a random force excitation technique adapted for 
underwater use and examined the effects of four specimen boundary conditions on 
system damping measurements [Ref. 3]. Following this work the environmental 
chamber was utilized to investigate how the damping characteristics of a cast nickel 
aluminum bronze plate specimen varied in both an air and a saltwater environment. 
Work to determine the damping characteristics of composite and constrained layer 
plates was also performed [{Ref. 4]. | 

This paper presents an investigation to determine how the damping. 
characteristics of a high damping manganese-copper alloy vary with strain in an air 


environment. 


C. MN-CU ALLOYS 
The high damping capacity of Mn-Cu alloys gives it great potential as a 


Structural metal. 


quality castings. More advanced alloys tested later. were found physically sound 
but susceptible to general corrosion and stress cracking. (Ref. I:p. [5] 


Previously the allovs were found physically ee because of poor 
“P 
Their susceptibility to corrosion and stress cracking made them unsatisfactory for 


marine use. 


In general, alloys that possess high damping capacity are not usually the 
best adapted to construction purposes since the gain. in damping ts often at the 
expense of stiffness, strength, durability, corrosion resistance, cost, machinability, 
Or long-term stability. [Ref. 5:p. 64] 


Situations (especially in the Navy) where these high damping materials can be 
utilized do occur. A commercially produced Mn-Cu alloy (Sonoston), with a 
composition of 54.25 wt% Mn, 37.0 wt% Cu, 4.25 wt% Al, 3.0 wt% Fe, and 1.5 wt% 


Ni, could be uscd in gear trains , brake discs, etc. (Figure 1.2). 


14 


Potential applications of quiet metals 


General: 


Plug inserts to noisy machine parts 
Cladding for virtually any noisy part 
Reduction of resonant amolification factors 
Attenuation of ringing 


Macninery diagnostic tecnniques 


Soecific: 


Gears and gear weos 

Pump castings 

Diesel engine parts | 

Brake discs 

Wheel rims 

Suomarine/torpedo/snio prooellers 
Helicopter gears 

idachinery frames and dases 
Aircraft/missile structural mempers 
Phonograph pickuos/olaying arms 
Transducers 

Office/textile/printing machinery components 
Hi-fi audio micropnone components 
Bimetallic strips-control devices 
Plates for tuning capacitors 
Resistors 

Hearing atid components 


Movie camera gears, etc. etc. 


Figure 1.2 Potential Applications {Rcef. 6} 
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D. METALLURGY OF MN-CU ALLOYS 

The fact that Mn-Cu Alloys can have a high damping capacity has been known 
for years. High damping is associated with alloys greater than 20% Mn with practical 
alloys ranging from 70%Cu-30% Mn to 30%Cu-70% Mn. To properly condition these 
alloys to obtain high damping capacity, four heat-treatment steps are required: (Figure 
lee) 


1. Solution. treatment in (yMn) single phase region (a face centered cubic 
structure), 


2. Water quenching to retain the single phase metastable supersaturated solid 
structure. 


Aging treatment in the two phase (yMn + @Mn) region. 


4. Water quenching to room temperature (a martensitic type transformation of the 
matrix occurs during this time). (Figure 1.4) 


[he strilemire of the quenched somone acd Se is face centered 
cubic (FCC), but becomes tetragonal if aged between 400°C-600°C. . Aging 
produces areas of manganese enrichment prior to the precipitation of 
g-Manganese where the tetragonal structure can exist at room temperature. On 
cooling from the aging temperature, the transformation, nucleated at dislocations 
and G-precipitate, occurs by a diffusionless shear process (martensitic). [he 
tetragonal phase has the same volume as the cubic structure from which it 1s 
forméd; and to minimize interna] strains, the matrix becomes self-accomodating 
Oy SPouune up into domains of common orientation analogous to martensitic 
platelets or mechanical twins. [Ref. 7:p. 


When the material is stressed, deformation occurs by movement of the domain 
boundaries, resulting in a macromechanical hysteresis effect. This is a reversible 
process causing no damage. This strain induced reorientation of the tetragonal 
domains causes the high damping capacity. Damping capacity increases with aging 
time up to 8 hours as the number of microtwins increases. After aging for 9 hours the 
density of microtwins gradually decreases until after 20 hours they can only 
occasionally be seen. Therefore, the optimal aging time is 8 hours in order to get the 


highest damping capacity. 
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Mn-Cu alloys have several unique problems because of their metallurgy. Their 
strength and hardness increases during the aging process while their damping capacity 
decreases with increasing temperature. The damping capacity is reduced drastically at 
the transformation temperature (100°C to 200°C) where the material returns to a cubic 
structure. Since the cubic-tetragonal transformation is well below room temperature, 
storage at room temperature is equivalent to a low temperature aging leading to a 


decrease in damping capacity over a few years. 


19 


Se a. 2 Se. 8 Ee ee ee 


es -¥" s° re S 
7G) AF _ 30S FAD TE LEBEN TELI PUL, £h Sele BL 


= 


Ps. 


he 


Il. CANTILEVER BEAM EXPERIMENTAL METHOD 


A. GENERAL 

Two measurement techniques were developed for the determination of 
strain-dependent damping characteristics of Sonoston in an air environment. The 
measurement techniques employ cantilevered flat beam specimens in bending and 
cylindrical specimens in torsion. The specimens were subjected to three different heat 
and aging treatments. Pure random and sinusoidal sweep excitations are used as an 
excitation source in the frequency range of 20 to 500 Hz. Both methods use transfer 
function techniques. Miniature accelerometcrs and strain gages were mounted on the 


specimens to obtain both input excitation and output responses. 


B. METHOD 

Sonoston 1s a non-linear mctal with a nominal Modulus of Elasticity (E) of 12 x 
10° psi and a yield strength of 45 Kpsi. Since aging increases the .Modulus of 
Elasticity, it was decided that 3 tensile specimens would be tested. All three specimens 
were solution annealed at 800°C for 45 minutes. One was aged for 1 hour at 425°C, 
one was aged at 425°C for 2 hours, and the third was left unaged. Enginecring 
Stress/Strain curves were constructed from the test results (Figure 2.1). The Young's 
Modulus used in further calculations was obtained from these results. For the unaged 
sample E was calculated as 17.5 x 10° psi; for the 1 hour aged sample E was 19.7 x 10° 
psi; and for the 2 hour aged sample E was 25.5 x 10° psi. These values were then used 
to calculate the resonant frequencies of the canulever beam specimens as well as that 
of the torsion samples (Appendix B). 

Five cantilever beam specimens were then manufactured and solution anncaled. 
Two specimens were aged for 1 hour, two were aged for 2 hours, while the fifth was left 
unaged. Three strain gages were mounted on each specimen at locations wherc the 
maximum strain due to bending moment occurs. With L the total length of the 
cantilever beam from the roct to the tip and X being the distance along the beam 
measured from the root, Reference 8 lists the locations where maximum bending occurs 
for the first three modes in X/L increments of 0.04. A Fortran program was written to 
calculate the moment for any point along the beam in X/L increments of 0.01 (Figure 
22). 
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Figure 2.1 Stress/Strain Curves for Sonoston 
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Figure 2.2. Fortran Program for Location of Maximum Strain 
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For mode | the maximum moment occurs at the root; for mode 2 it occurs at the 
root and at X/L=0.53; for mode 3 it occurs at the root, X/L=0.31, and at X/L=0.71. 
In all three modes the maximum moment occurs at the root of the beam and for mode 
3 the moment at X/L=0.71 was greater than at X/L=0.31. Based on this information 
the three strain gages were mounted on all the cantilever beams at a) the root, b) at 
my b= 0 Saaadec at X/L=0.71 (Figure 2.3), 

The beam samples were then placed in the test fixture for testing (Figure 2.4). By 
monitoring the acceleration of both the supporting system and the beam tip, the 
response frequency can be determined. Two 4-mg Endevco 2250A-10 accelerometers 
were mounted, One on the supporting structure above the root of the cantilever beam - 
and the other on the tip of the beam (Figure 2.5). A random input signal was 
generated by the HP 3582 spectrum analyzer and was then passed through the Crown 
solid state amplifier to the electromechanical vibration generator (Figure 2.6). The 
accelerometer Output was passed through a Endevco 4416A Signal Conditioner to the 
HP 5451-C Fourier Analyzer for processing. 

To get an initial idea where the specimen’s natural resonant frequencies lie in the 
frequency spectrum, a baseband measurement was made from 0 to IKHz. These 
measurements for the solution treated sample, | hour aged sample, and 2 hour aged 
sample are shown in Figures 2.7 to 2.9. Use of Band Selectable Fourier Analysis 
(BSFA or zoom) was then used on the first three resonant frequencies. 

The RMS input acceleration level (root accelerometer) was determined as 
follows: A signal in the time domain was captured for a 5mSec period (Figure 2.10), 
squared and then integrated for the period. The square root was then calculated and 
multiplied by the conversion factor to obtain mv. Ten time samples were taken for an 
average value. This value was then converted to g by dividing by a calibration factor 
(10.31 mv/g) which was determined as described in section C of this chapter. This gives 
the RMS g level. The RMS strain level was determined in the same way. In this case 
the strain signal was sent through an Ectron (model 563F) .strain gage amplifier - 
calibrated so that 2.5V dc = 10,000pstrain. (Figure 2.11) 

Swept sine tests were performed using the HP-3562A Signal Analyzer. 
Measurements of input acceleration and strain were made in the same way except that, 
since the strain and input force varies with frequency, the time domain data was 


obtained at the peak of the transfer function. 
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Figure 2.5 Accelerometer Location 
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Measurement of the 2-Hour Aged Sample 


Figure 2.9 Baseband 
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Figure 2.10 Time Sample of the Input Accelerometer 
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Figure 2.11 








Time Sample of the Root Strain Gage 
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During the random input tests the output accelerometer was removed and the 
root strain gage was used as the output device in order to test the effect of mass 
loading of the beam by the 4 mg accelerometer. The resulting transfer function 
corresponded to that obtained by using two accelerometers. Both had the same 
resonant frequency and very similar loss factors but different function amplitudes 
(Figures 2.12 and 2.13). Since there is no mass loading effect due to the accelerometer 
at the tip of the beam, transfer functions could be obtained using either two 
accelerometers or one accelerometer and the strain gage. 

Each mode was analyzed at six different amplification levels with two transfer 
functions being obtained at each level. Random noise tests were analyzed first 


followed by swept sine tests. 


C. CALIBRATION 

The accelerometers used in the experiment were calibrated by a drop test 
(free-fall) to obtain the value of mv/g associated with each accelerometer. The 
HP-3562A Signal Analyzer was used to record the time signal trigger delay. Figures 
2.14 and 2.15 show the results of one calibration run. Figure 2.15 is a blown up 
portion of Figure 2.14 showing just the free-fall voltage difference due to gravity. The 
voltage difference between the initial state and the first peak corresponds to lg 


acceleration. 
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Figure 2.14 Calibration Curve 
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Figure 2.15 Free-fall Section 
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HI. CANTILEVER BEAM RESULTS AND DISCUSSION 


A. GENERAL 

The cantilever beam samples give results in the frequency ranges 20-25 Hz (Mode 
1); 130-160 Hz (Mode 2); and 360-445 Hz (Mode 3). Appendix D (part 1) shows a 
representative transfer function, in both log magnitude and linear scales, that was 
obtained after 32 time averages using a random input excitation source. A graph of 
the associated 180° phase shift, characteristic of a two complex pole system, is also in 
the appendix. The phase shift can give an indication of the loss factor when compared 
to other phase shift graphs since a gradual slope 1s indicative of a high loss factor. The 
coherence function, which is a measurement of the noise contamination and/or 
nonlinearity in the transfer function indicates how much of the system output 1s caused 
by the system input. A representative graph of the coherence function is also included 
in Appendix D. The dip in the coherence at the resonant frequency 1s due to the 
impedance mismatch between the output and input signals. The collected data from 
the random input and swept sine tests are listed in part 1 of Appendix E. These tables 
list the resonant frequency, computed loss factor, average strain, and average input 


acceleration. 


B. INPUT ACCELERATION -VS- STRAIN 

Figure 3.1 shows the Input Acceleration -vs- RMS Strain for Mode I using a 
random input. This RMS Strain value is determined from the average of ten SmSec 
time samples taken from the root strain gage. The input acceleration value is 
determined in the same manner. Each sample was tested at six different amplification 
levels and shows that the strain increases with an increase in input acceleration in a 
linear fashion. It appears that the unaged and 1 hour aged samples follow the same 
trend while the strain for the 2 hour aged sample increases faster for smaller increases 
in input acceleration. Figure 3.2 is a graph of Input Acceleration -vs- Strain using a 
swept sine excitation source. The swept sine test was performed using the HP-3562 
Signal Analyzer. The FIP-3562 was set for 8 averages and a resolution of 400 points 
per sweep. The strain value in this case 1s obtained at the resonant frequency as is the 
input acceleration. In both tests, random and swept sine, the strain increases with 
input acceleration as expected. Figures 3.3 to 3.6 are graphs of Input Acceleration -vs- 


Strain for modes 2 and 3. In both mode 2 and mode 3 the strain increases as the input 


38 


(5) 


JELERAT TON 


INPUT ALL 


0.9 


0.8 


0.7 


0.6 


0.5 


0.4 





LEGEND 
Lancet) Sietalle 
AGED SAMPLE 
GED SAMPLE 


0.c00 0.005 9.010 o 
RMS STRAIN (PERCENT: 


' wee ey tee | Ve” 


Figure 3.1 Mode J - Input Acceleration -vs- Strain 
(Random Input) 


. 39 


9!) 


2S ok TA AEN 


——_ 


a ie eo ee Se oe 
fh CAP Pp Qe os Lh -™ O77 DIE eo. 


(6) 


CLERAT LON 


att, 
Ji 


all 


INPUT 


noo 


0.8 


Os? 


0.6 


Ors 


0.4 





LEcEND 
O = AS gesNeean 
O=- | FOUR seas 
S- 2? HOUR AGES 


0.009 0.005 0.010 6.015 0.026 3.025 2.030 9.035 9.040 
SiaciN (2aea 


Figure 3.2 Mode | - Input_Accelcration -vs- Strain 
(Swept Since) 


40 


J 


((. 


CLERAT ION 


aCe 
us 


al 


INPUT 





Cee 


Reece lN Ul its eee So AM 


e 
/ 
e 
= 
dl 


Cyc) 


9.000 0.005 0.019 G.O15 0.020 9.025 0.020 0.075 
+ = } 


Figure 3.3. Mode 2 - Input Acceleration -vs- Strain 
Kandom Input) 


4] 


hy a ky ge = ee a 


fn 


_s?< 
tod 


LN eee eet oe 


[. 


GS Nien 
on 


Se 
a) 


AMPLE 
AM 


eo 
bees 
Se. 
S 


ehee ] 

aac 20) 

O= AS SceNeres 

O- | Foun aoa0 
4= 2 nOUR AGED S 


674 cA S| i 1 670 Lu S*U 
(9) HOLLOW OU LAN 


c: = 
2 wee ieee wes . =s 
A ee eee ee a i ee 2 ae es 





U.0Gs 


6.500 


Mode 2 - Input Acceleration -vs- Strain 


Figure 3.4 


(Swept Sinc) 


‘ae 





ELSI Ds) se 


ce 
ava 


FAL 


INPUT 


>: 
Z : LEGEND 
‘ a= #5 QUENCHED SAMPLE 
& o-! HOUR ASED SAMPLE 
_ ‘ a= 2 HOUR AGED SAMPLE 
= 









maNDOM INPUT = CANT LLEVER SEAM 












0.0 Lae 20 a 
MA 


Figure 3.5 Mode 3 - Input Acceleration -vs- Strain 
(Random Input) 


43 








>) 


PI ECRAT ION € 


‘ 
t 


( 
UU 


‘ 
s 


fll 


PNPUT 


Mee 


PEcoNw 

O- AS Cus eae. = 
a | © | HOURS eaemegir = 
~| &6= 2 HOURS aeeimogen os 


(4 


0.6 


a 


0.4 





2 g29 4.0 5.0 
mani lie al © Sore hale cel a) x10 


0.0 1 


Figure 3.6 Mode 3 - Input_Acceleration -vs- Strain 
Swept Since) 


44 





acceleration increases and seems to be consistent between the random tests and the 
swept sine tests. The root strain gage was used for all measurements as it gave the 


highest value of strain for all three modes. 


C. LOSS FACTOR -VS- STRAIN 

Figure 3.7 is a graph of Loss Factor -vs- RMS Strain for mode | random input. 
As the strain increases the loss factor increases. The aging time also plays a factor in 
the loss factor. As the aging time increases the loss factor increases. It appears that 
the loss factor of the 2 hour aged sample increases significantly at the 0.015% strain 
level. This could be due to the non-linearities in the material. Figure 3.8 is the mode | 
swept sine results of Loss Factor -vs- Strain. The results are very similar to those from — 
random input tests. Both excitation sources give quite consistant results for tests 
repeated under similar conditions. Figures 3.9 and 3.10 are the mode 2 results. The 
trends seen in mode | are repeated here in mode 2 except that the loss factor has a 
lower value for all of the mode 2 samples. Figures 3.11 and 3.12 are the mode 3 results. 
As in modes | and 2, the loss factor increases with both increasing strain and increased 
aging time. The damping of mode 3 seems to be comparable with that of mode 2 but 
both are less than that found in mode |. From looking at the baseband curves for 
each of the three heat treatments (Chapter 2), it would appear that the highest 
damping occurs in the second mode. However, actually measuring the loss factor 
shows that the first mode is the mode of highest energy dissipation. In all three modes, 
the random input and swept sine input tests give similar results. For all of the tests the 
geometry of the sample plays an important part in determining the level of bending 
Strain and its associated loss factor. In order to compare the physical properties of 


different materials the geometry of the test samples must be the same. 
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Figure 3.11 Mode 3 - Loss Factor -vs- Strain 
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D. STRAIN -VS- FREQUENCY 
Figure 3.13 is a graph of the RMS Strain -vs- Frequency for mode | random 
input. For all of the samples as the strain increases the resonant frequency shifts 
downward. This increase in strain corresponds to a decrease in the Young’s Modulus 
(see stress/strain curve in Chapter 2). Since Young’s Modulus is needed in calculating 
the resonant frequency a decrease in E will result in a decrease in resonant frequency 
(Appendix B). As the aging time increases the downward shift in the resonant 
frequency becomes more pronounced as the strain increases. Figure 3.14 is the mode 1 
swept sine results. Again, the results are comparable with those obtained from the 
random Input tests. ricwres 375 andes le are the Strain -vs- Frequency results for 
mode 2. In both figures the 1 hour aged samples show the greatest frequency shift. 
The results between the two graphs are comparable. Mode 3 results are shown in 
Figures 3.17 and 3.18. The same downward shift of the resonant frequency as the 


strain increases appears here as in the other two modes. 
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Figure 3.14 Mode 1 - Strain -vs- Frequency 
(Swept Sine) 
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Figure 3.15 Mode 2 - Strain -vs- Frequency 
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Figure 3.16 Mode 2 - Strain -vs- Frequency 
(Swept Sinc) 
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E. INPUT ACCELERATION -VS- FREQUENCY 

Figure 3.19 is a graph of the mode 1 Input Acceleration -vs- Frequency for a 
random input. In this graph as the input acceleration level increases the resonant 
frequency shifts downward in the same manner as seen in the Strain -vs- Frequency 
graphs. Since it was found (Figures 3.1 to 3.6) that the input acceleration and strain 
increase in a linear fashion and that an increase in strain corresponds to a decrease in 
resonant frequency, the downward shift of the resonant frequency with increasing input 
acceleration should occur in a similar fashion as it does with increasing strain. This 
downward shift does in fact occur. Figure 3.20 is the mode | Input Acceleration -vs- _ 
Frequency results using the swept sine input. This graph shows the same trend. In 
both cases, as aging time increases, the resonant frequency shifts downward faster. 
Figures 3.21 and 3.22 are the mode 2 results. Again, the resonant frequency shifts 
downward with an increase in the input acceleration level. In mode 2 it appears that 
the 1 hour aged sample makes the fastest frequency shift. This was seen earlier in the 
Strain -vs- Frequency graphs (Figures 3.15 and 3.16). Figures 3.23 and 3.24 are the 
mode 3 results. These results are comparable to the mode 3 results of Strain -vs- 
Frequency as they should be given the linear relationship between strain and input 
acceleration. As the excitation level is increased the resonant frequency shifts 


downward due to the change in Young’s Modulus. 


Oo 


Vashi oc 


wrt 


Spee 
w~ 


or ae ee oo 


ees 
0.9 


Fe 


4S = Ae Soe - 


2os5 


=* SS 
mie wa Ke 8 4m Ree 


ween ee 
<= 'e-- — < 
wacscdve 


PLERATTON (G6) 
0.8 


‘ 
‘ 


( 


4 


(V.7 


INPUT A 


1.6 


0.5 


0.4 


NaNGOM INPUT = CAND Te eee 


- | = SOND 


wae? me Me me | 


0 : Bierce Ont ke 


Aece Ogi —S 
@cGaemennr le 





_ o aS 
fal 
4 

a 


a ao 
0 g 
An 
O 
QO Oo 
A 
S20 .b Zens 20 2145 22.0 2255 2555 es oe eee co eS 


Pre DUC Nc omen 


Figure 3.19 Mode 1 - Input Acceleration -vs- Frequency 
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Figure 3.22 Nfode 2 - Input Acceleration -vs- Frequency 
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Figure 3.24. Mode 3 - Input Acceleration -vs- Frequency 
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F. INPUT ACCELERATION -VS- LOSS FACTOR 

Figure 3.25 is the mode I, random input graph of Input Acceleration -vs- Loss 
Factor. This graph shows that as the input acceleration is increased the loss factor of 
the material increases. Also, as the aging time increases the loss factor increases 
significantly. These two trends are exactly the same as the trends found in the Strain 
-vs- Loss Factor graphs. Once again this should occur since the strain and input 
acceleration can be related. The 2 hour aged sample shows a significant increase in 
loss factor as the input acceleration level reaches the 0.8g level. This could be a result 
of the non-linearities in the material. As mentioned in Chapter | the loss factor of the 
Mn-Cu material increases as aging time increases up to about 8 hours. Figure 3.26 is 
the swept sine graph of the input acceleration and loss factor for mode |. As with the 
random input test, the loss factor increases with both increased input acceleration and 
increased aging time. The 2 hour aged samples show the same rapid increase in loss 
factor at an input acceleration level of 0.8g as it did in the random test. For complete 
analysis of the material this would involve further investigation but for this paper what 
is significant is the fact that the trend was occured in both the random input and swept 
sine tests.” Figure 3.27 and 3.28 are the mode 2 results while Figures 3.29 and 3.30 are 
the mode 3 results. In mode 2 it appears that the loss factor of the | hour aged sample 
increases faster than the 2 hour aged sample. However, the general trend, that the loss 
factor increases with both increased input acceleration and increased aging time still 


holds. It can be seen that the highest loss factors are obtained in the first mode. 
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Figure 3.28 Mode 2 - Input Acceleration -vs- Loss Factor 
(Swept Sinc) 
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G. LOSS FACTOR -VS- FREQUENCY 

Figure 3.31 is a graph of the mode 1 random input results of the Loss Factor -vs- 
Frequency. This graph shows a linear relationship between the loss factor and the 
frequency. As the loss factor increases the resonant frequency shifts downward. This 
makes sense since an increase in the loss factor corresponds to an increase in the the 
amount of strain that the sample undergoes. As mentioned previously, an increase in 
the strain results in a decrease in the Young’s Modulus of the material with a resulting 
decrease in the resonant frequency. Figure 3.32 is the mode | swept sine results. The 
two graphs are very similar indicating that either way of testing (using random input or 
swept sine input) will obtain good results. Figures $.55 atid o-s6 areuricammode on 
results. In both of these graphs the relationship between the loss factor and frequency 


appears to be linear as it does in Figures 3.35 and 3.36 which are the mode 3 results. 
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Figure 3.31 Mode 1 - Loss Factor -vs- Frequency 
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Figure 3.33 Mode 2 - Loss Factor -vs- Frequency 
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Figure 3.35 Mode 3 - Loss Factor -vs- Frequency 
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H. DISCUSSION 

In running the tests some problems were encountered. The strain gages have a 
fatigue life of approximately 10° cycles. The fatigue is a function of the solder joint 
formation. Since the first mode has the highest tip deflection it is recommended that 
this mode be tested after the third and second modes. To prevent inadvertent joint 
damping the sample should be securely tightened and once it is placed in the test stand 
it should not be removed until after all desired testing has been performed. Both the 
Strain gages and the accelerometers can be a source of extraneous noise if their 
associated wiring is allowed to repeatedly hit the beam sample as it vibrates. In this 
investigation the accelerometer coaxial cable (tip accelerometer only) was taped along 
the cantilever beam. Also the strain gage wiring was taped to the beam right after the 
gage solder connection. The wire was then looped to allow free vibration of the beam 
Without any interference. This scotch tape could have an effect on the damping, 
however, considering the small amounts of tape used it was felt that this did not 
contribute significantly to the damping. Using large accelerometers on the tip will 
mass load the system, causing the resonant frequency to shift significantly downward 
(on the order of 5-10 Hz). The time to run the tests varied greatly between the random 
input and swept sine input tests. For one cantilever beam, to investigate all three 
modes, required almost 25 hours using the random input source. This compared to 5 
hours using the swept sine source. The coherence for both tests was very good 
although measuring the strain and input acceleration for the swept sine tests was more 
difficult since the strain and acceleration are constantly changing. The swept sine tests 
compare favorably with the random tests. Therefore, either test could be used when 
comparing different materials, provided that the test samples have the same geometry. 
For lower levels of strain the random input tests give better results since the swept sine 
signal-to-noise ratio is very small making measurements of strain and damping difficult. 
Higher levels of strain can be obtained using the swept sine input method. Using 
swept sine input for higher strain levels and random input for lower strain levels would 


give satisfactory results. 
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IV. TORSION SAMPLE EXPERIMENTAL METHOD 


A torsion testing apparatus was constructed to enable testing of the Sonoston 
specimen in torsion (Appendix C). The specimens were designed such that they form a 
single degree of freedom system under base excitation. Therefore, unlike the cantilever 
beam, where the strain varies along the beam length, the shear strain is constant at the 
outer radius along the length of the sample shaft. Appendix B delineates how the 
natural frequency of such a system can be calculated. In this test the sample was a 12 
cm. long cylinder with a 0.8 cm. diameter. ‘The same three heat treatments were 
performed as for the cantilever beams: Solution Annealing at 800°C for | hour, water 
quenching, and then aging one sample for | hour at 425°C; aging one sample for 2 
hours at 425°C; and leaving one sample unaged. A strain gage was attached to allow 
for determining the shear strain that the specimen undergoes. Two Endevco 
accelerometers were uscd to obtain the transfer function between the base and the end 
rotation of the cylinder. The first accelerometer was attached to the turning disc while 
the second was attached to the heavy mass on the end of the sample. Figures 4.1 and 
4.2 are photos of the torsion test apparatus and torsion sample respectively. 

For random input testing, the RMS Shear Strain level was determined in exactly 
the same manner as it was for the bending strain (the average of ten 5mSec time 
samples for each excitation level). Figure 4.3 1s a representative time history of one 
shear strain variation during a random test. The RMS input acceleration level was also 
obtained by averaging ten 5mSec time samples (Figure 4.4). An initial transfer 
function from 0-200 Hz using a random input was performed on the unaged sample in 
order to make sure that the sample was only excited in the torsion mode (Figure 4.5). 
A 60 Fz spike occurs every time, however. Baseband tests were also run for the Ihour 
and 2 hour samples. The torsion and bending frequencies were calculated using the 
values of Young’s Modulus obtained from the tensile tests performed (refer to Chapter 
2) and compared to the value obtained by zooming the test near the resonant 
frequency region. The Flalf-Power Point Method was used for determining the loss 
factor from the transfer function. In all three cases only the torsion mode was excited. 


Each sample was analyzed at nine different amplification levels. 


8 | 


For the swept sine tests, measurements of input acceleration and shear strain 
were made in the same way except that the trme domain data was obtained at the 
peak of the transfer function. Six different amplification levels were used in the swept 


sine tests. 
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Figure 4.3 Time Sample of Shear Strain Gage 
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Figure 4.4 Time Sample of Torsion Input Accelerometer 
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Figure 4.5 Baseband Response for Solution Annealed Sample 
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V. TORSION SAMPLE RESULTS AND DISCUSSION 


A. GENERAL 

The torsion samples that were analvzed give results in the frequency range 65-85 
Hz. The solution annealed sample has a resonant frequency of 83 Hz compared to the 
calculated value of 84.5 Hz. For the 1 hour and 2 hour aged samples the calculated 
values were 89.6 and 101.9 Hz respectively but the actual resonant frequencies were 
approximately 68 Hz for both. The calculations were based on the values of Young’s 
Modulus obtained from the tensile tests (Chapter 2) and assumed that the material was 
isotropic. Part 2 of Appendix D shows a representative transfer function (both in log 
magnitude and linear scales) for 32 time averages of one torsion sample. It also shows 
the 180° phase shift and coherence function associated with this one torsion test. The 
collected data from the random input and swept sine tests are listed in Appendix E, 


part 2. 


B. INPUT ACCELERATION -VS- SHEAR STRAIN 

Figure 5.1 shows the Input Acceleration -vs- RMS Shear Strain for a random 
input. This RMS shear strain value is determined exactly in the same manner as it was 
for the cantilever beam in Chapter 2. The input acceleration also is obtained in this 
manner. Each sample was tested at 9 different amplification levels with each value of 
strain and acceleration representing the average value of ten time samples. In this test 
the shear strain increases with increasing input acceleration in a linear fashion except 
at the highest levels of input. Figure 5.2 also is a graph of Input Acceleration -vs- 
Shear Strain but with a swept sine input instead of a random input signal. In this case 
the shear strain is obtained at the resonant frequency as is the value for the input 
acceleration (discussed in Chapter 2). The same trend exists between the shear strain 
and input acceleration using the swept sine input as it did for the random input. In 
both figures the shear strain increases with aging time, however, the 1 and 2 hour aged 
samples have very similar results indicating that when tested in the torsion mode the 


differences in aging times may not be as important as it is in the bending mode. 
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C. LOSS FACTOR -VS- SHEAR STRAIN 

Figure 5.3 shows the Loss Factor -vs- RMS Shear Strain for random input. The 
results are similar to those found for the cantilever beam in that higher levels of strain 
produce higher loss factors and the loss factor increases with aging time. The results 
also show that the loss factor depends .on shear strain and is very nonlinear for the 
aged samples. In the torsion case the 1 and 2 hour aged samples give fairly identical 
results. The torsion test was run a second time using a swept sine input (Figure 5.4). 


The results from this test are very similar to those of the random input test. 


D. SHEAR STRAIN -VS- FREQUENCY | 
“Figure 5.5 is a graph of RMS Shear Strain -vs- Frequency for random input. 
The resonant frequency shifts downward as the shear strain increases. An increase in 
shear strain corresponds to a decrease in the Shear Modulus just as an increase in 
bending strain corresponds to a decrease in Young’s Modulus for the cantilever beam. 
This decrease in Shear Modulus results in a lower resonant frequency which is similar 
to the results obtained in the cantilever beam tests. Again the | and 2 hour aged 
samples give very similar results. When compared to Figure 5.5, the swept sine test 


results for Figure 5.6 gives approximately the same results. 


E. INPUT ACCELERATION -VS- FREQUENCY 

Figure 5.7 is a graph of the Input Acceleration -vs- Frequency for the random 
input test. As in the cantilever beam case the resonant frequency shifts downward as 
the input acceleration increases. In the torsion test this is due to the decrease in the 
Shear Modulus since the input acceleration is directly related to the shear strain. The 
frequency shift appears to be the same for all three samples. Figure 5.8 graphs the 
results of the swept sine tests. Again, the frequency shift downward appears although 


it is NOt quite as pronounced as with the random test. 
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F. INPUT ACCELERATION -VS- LOSS FACTOR 

Figure 5.9 shows the loss factor as a function of the input acceleration. As with 
the results of Loss Factor -vs- Shear Strain the loss factor increases with both an 
increase in the input acceleration and with the aging time. The increase in the input 
acceleration corresponds to an increase in the shear strain and thus an increase in the 
loss factor. These results are similar to those for the Loss Factor -vs- Shear Strain and 
are expected. Aging time does play a part in increasing the loss factor but there does 
not seem to be much of a difference between the 1 hour and 2 hour aged samples when 
tested in the torsion mode. Figure 5.10 depicts the results of the swept sine tests. 
These results show a difference in the loss factor between the 1 and 2 hour aged 


samples although they do follow the same trend as the random input results. 


G. LOSS FACTOR -VS- FREQUENCY 

Figure 5.11 shows the resonant frequency as a function of the loss factor. As the 
loss factor increases, the resonant frequency shifts downward for all three samples. 
This shift is more pronounced for the unaged sample than for the | and 2 hour aged 
samples. The downward frequency shift is a result of an increase in shear strain and 
the resulting decrease in the Shear Modulus. This increase in the shear strain also 
causes the increase in the loss factor. Figure 5.12 is the swept sine resultsn mes 
results are similar to the random input results, again indicating that testing of materials 


can be conducted using either random or swept sine input. 


H. DISCUSSION 

The swept sine test results compare favorably with those of the random input 
tests. Therefore, both tests could be used to compare different materials provided the 
same geometry was involved since the values obtained are shape dependent and not 
dependent on the material properties. For lower levels of shear strain the random tests 
give better results since the swept sine signal-to-noise ratio is very small making 
measurements of damping and shear strain difficult. Higher levels of shear strain can 
be obtained using the swept sine input method. Since both random and swept sine 
inputs give similar results, using swept sine input for higher measurement levels and 


random input for lower measurement levels gives satisfactory results. 
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VI. DISCUSSION AND RECOMMENDATIONS 


The results of the testing conducted on both the cantilever beam and torsion 
samples are repeatable whether random input is used for the excitation source or swept 
sinc 1s used. In all of tneweases the geomet Gf the samples to be compared must be - 
the same in order for analysis of the different mechanical properties of the materials to 
be accomplished. As mentioned previously using a random input for lower levels of 
Strain (bending or shear) gives better results since the swept sine signal-to-noise ratio 1s 
very small making measurements of the strain ‘and damping difficult. The swept sine 
input should be used for higher levels of strain. Another consideration in deciding 
which test to run involves the amount of time available for analyzing the samples. The 
swept sine tests are much faster than the random tests, in this case it was 


approximately 5 times faster. 


The following recommendations are provided to assist follow-on investigations: 


]. Investigate higher strain levels. For the canulever beam arrangement this 
would involve shorter Jengtn samples. 


Peeeiny ccticdte tne usc Of MUItipic input excitation for the torsion setup. Using two 
identical vibration generators attached to the turning disc on, opposite sides 
would prevent anv possibility of inadvertently exening a bending mode. [hus 
would allow higher levels of sneur struin to be obtained. 


Investigate specimens with longer aging umes. 


4. Use of a non-contacting excitation scheme would ect rid of any damping due to 
Pie snaker Contacting the sample. 
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APPENDIX A 
HALF-POWER POINT METHOD 


Physical systems usually have small values of damping. It is common to find 
systems with gain factors having sharp peaks and phase factors showing rapid 180° 
phase shifts. The system, therefore, looks like a namow soandpass titer, \wa0n 
bandwidth measured in terms of the half-power point bandwidth of the frequency 
response. These half-power points (Figure A.1) are located at a point .707 of the 
amplitude of the resonant frequency (,,). The bandwidth is then defined as 
(O25. )'( 7) =" Pel heuoualitvaiactom sO mailers ed measurement of the 


sharpness of resonance, ts also easily obtained by: 
Q= fie) =e (evel) 


If the amplitude is measured in decibels then the half-power points correspond to a 3 
db loss from the peak. 
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Figure A.} Half-Power Point Method {Ref. 8} 
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APPENDIX B 
DETERMINATION OF NATURAL FREQUENCIES 


l CANTILEVER BEAM 
The differential equation for the lateral vibrations of a cantilever beam comes 
from Euler’s equation for beams. Reference § gives a good explanation of how to 


obtain the resonant frequency of a beam Which is determined from: 





o,= AED) (B.1) 


Table B.} lists values of A for different beam configurations and modes of 
MIOratiOnesa nets stud. the first three modes of the gantilever beam have values for -\ 
of 3.52,22.4,and 61.7. The moment of inertia (1) of the beam ts found by the equation 


(1:12)bh° For the beams in this experiment: (Figure B.1) 


leneth(1)= 7.5 inches 
-6;); Oe eter. 
m= 41.408 x 10™ (1o-sec~), (in. *) 
wicth(b) = 0.5 inches 
thickness(h) = 1,16 inch 
1 = 10.1725 x 10° (in.9) 


The calculated resonant frequencies for the samples tested in this experiment are listed 
in Table B.2. 
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TABLE 2 


ED RESON WS IER E 
CAINE 


CALCULAT GERNGLES 
F CANTILEVER BEAN 


O 


Resonant Frequency (Tz) 


Model Mode2 Mode 3 
For the solution annealed beam: 20.6 131.4 BOie 
For the | hour aged beam: ne 139.4 384.0 
For the 2 hour aged beam: 24.9 158.6 436.9 
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2, TORSION 
Reference § also derives the natural frequency for torsional vibration. The 


equation for the natural frequency 1s: 
C= he Gla 1/3J)) (B.2) 


where: K,=Gnd“/32l ° Jj=21 ppl)  Jg= pb/1(wi? + 1w*) 


For the samples tested: 
length of the spherical section(1,)= 12cm 
diameter of the spherical section(d)=0.8cm 
length of the bottom section(l5)= 12.0cm 
width of the bottom section(w)= 2.0cm 
height of the bottom section(b)= 2.5cm 
[= 2d°/96 
J)= 2(0.0201 cm* \(7.46 gm/cm? )12 cm = 3.5998(gm-cm?) 
J 5520.4(gm-cm? ) 
G=E/(2(1+v)) where v= 0.3 


The calculated natural frequencies for the torsion samples tested are listed in Table B.3. 


TABLE 3 
CALCULATED RESONANT a 
OF TORSION Ai 
G i Resonant Frequency 
2 Z 
(Kg/cm*) (Kg-cm?) (Hz) 
solution annealed sample: 0.473x 10° 1585.0 84.5 
1 hour aged sample: 0.5325 x 10° 1784.0 89.6 
2 hour aged sample: 0.6893 x 10° 2309.0 101.9 
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APBRENDIX G 
TORSION DAMPING APPARATUS DESIGN 


In designing the torsion damping apparatus several requirements had to be met: 


1]. Munimizing extraneous energy loss (friction losses at the clamp interface, 
inherent loss in the clamp material, etc.). 


Ensuring uniform stress distributions in the specimen. 
Limiting the shaker to 25 pounds of force (before requiring forced air cooling). 
The natural frequency of the specimen had to be less than 1000 hz. 

The sample fits through the turning disc where it 1s held in place by 4 set screws 
(Figures C.1, C.2, and C.3) A bolt rests against the top of the specimen preventing it 
from moving vertically. The turning disc is supported by tapered roller bearings to 
prevent both radial and axial motion. The stand was designed to hold the turning disc 
and provide weight for stability (Figures C.4 and C.5). The shaker excites the 
apparatus by a “Stinger” attached to the turning disc in the horizontal direction. 
Figure C.6 shows the assembled apparatus. The shaker also had a stand 
manufactured, elevating it to provide the horizontal input force (Figure C.7). Again, a 
heavy stand was made to ensure stability (eliminate any created moments). To meet 
the force requirements for the shaker the following equations were used to determine 


sample size: 
Disc Mass = mr-hp I(DISC) = Mr2/2 


a(disc acceleration) = r0( 2nf)* 


F=|a/r? 
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Figure C.3 Turning Disc - Side View 
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Figure C.4 Torsion Sample Upper Test Stand 
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Figure C.5 Torsion Sample Lower Test Stand 
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Figure C.6 Assembled Torsion Test Apparatus 
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Figure C.7 Electromagnetic Shaker Stand for Torsion Test 
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APPENDIX D — 
CANTILEVER BEAM AND TORSION SAMPLE TRANSFER FUNCTION 


lL CANTILEVER BEAN] REPRESENTATIVE GRAPHS 
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Figure.D.1 Mode I - Solution Annealed Sample Transfer Function 
(Cantilever scam - Random Input) 
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Figure D.3.) Mode! - Solution Annealed Sample Coherence Function 
(Cantilever Beam - Random Input) 
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Figure D.4. Model - Phase Shift for the Solution Annealed Suniple 
(Cantilever Beam - Random Input) 
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Figure D.8 Torsion,- Phase Shift for Solution Annealed Sample 
(Torsion Sample - Random Input) 
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APPRENDI: 
CANTILEVER BEAM AND TORSION SAMPLE DATA 


ts CANTILEVER BEAM DATA 


TABLE 4 
MODE 1 - AS QUENCHED SAMPLE 


MODE 1 
FN LOSS STRAIN INPUT ae F< 
(HZ) FACTOR C%) ACCEE CHZ) CH2Z) 
C%) (G) 

eum] 5 OSG sO S .4978 20.2409 20.3091 
20.2909 .3288 SOUS -4978 Pala eae Wis, 20.3245 
CUE2Zo/6 8.329 .0146 soci 20.2143 20.2809 
20.242 ZOO .0146 -5809 e0.c0/9 20.26) 
20.242 -429 .0167 -6046 _. 20.1986 20.2854 
ZU 7 .4631 au low -6040 20.1901 20326859 
cUmc116 8 .4397 .0202 .743 207 52 20.2620 
ZUR co? ~4722 .0202 743 CUE 6 9c 20.2848 
CUR NG 2 .5308 O22 Ola 20.1085 clare 5 
20.168 2005 pO Chae ole 20.1168 20M 2 
20.1443 .5514 0220 10025 20.0888 CU 28 
20S oO wO2e> ,OOls 20.0986 20.2014 
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FH 


CHZ) 


.8800 
-8846 
ao Oj) 
-8656 
-8474 
-7456 
.74936 
oan 
~7274 
oS 
- 7656 
se oane 
.7045 
610 
-5445 
-5445 


sooa¢ 
.8740 
-8482 
.8469 
sted 
sd 
af lo 
. 755 
-0656 
-GDoe 
~5489 
2045 


FOSS 


FACTOR 


C%) 


ts ps 


° ° ° e ° e 


TABLES 
NMODEW- 1 HOLR AGED wees 


es 


MODE 1 
STRAIN INPUT 
CX) ACCEL 
(G) 
SAMPLE #1 
.01436 0.5160 
01436 0.5160 
01436 0.5160 
.01564 0.5790 
.01564 0.5790 
.01801 0.6334 
.01801 0.6334 
.01801 0.6334 
.01987 0.7439 
.01987 9.7439 
.01987 0.7439 
.02099 0.8041 
.02099 0.8041 
.02099 0.8041 
.02367 =1.0524 
.02367 = 1.0524 
SAMPLE $2 
0145 5 
0145 5 
101575 ees Seo 
.01573— 5819 
018 637 
.018 637 
01986 7429 
01986 7429 
02099 806 
02099 806 
.02367 1.04 
.02366 1.04 


ee 


CHZ) 


ees) 
: boo 
-6881 
soig a2 
.6628 
207 05 
-5968 
2ue 0 
RSet 
Oba. 
.5744 
-4809 
~4777 
-4762 
36s 
-oo0e 


-6924 
. 7034 
.6743 
“0 an 
2000 
{50D 
~Jege 
«Doe 
.4671 
4979 
23347 
ole 


.0485 
-0550 
20So7 
.0320 
ae Oe 
.8904 
~9384 
e997 
Joo 
39566 
2oc LO 
Calo 
AF O0 So 
16 260 
ster 
toon 


-0334 
.0946 
“Ogee 
O27 
~9384 
.9G19 
-2099 
owe 1 
.8605 
~84975 
1 Ook 
-7582 


INPUT 
ACCEL 
CG) 


SOC oL 
s2657 
2060 
. 5888 
-oo 7s 
gS 
-6559 
s65o5 
sO) 
.7503 
6025 
7O Ug 


-4554 
~4554 
20d 
00m 
2000 
5009 
(6752 
O07 32 
Bah 2) Fz 
202 
-8086 
-8086 


TABEES6 


MODE) -2 HOUR AGED SANIPLES 


MODE 1 
FN LOSS STRAIN 

CHZ) FACTOR C%) 

C%) 

SAMPLE #3 
24.9000 2.6605 .00407 
24.8700 PTR S/S} .00407 
24.7400 on US07 O02 a2 
24.7350 >. O97 2007 S92 
24.5600 > UGie . 008296 
24,5951 3.0496 .008296 
24.6800 229261 .01104 
24.6750 Steheeo .01104 
24.4011 Sonar Ola 
24.5200 S221 1 oO Poe? 
24.0350 G.6176 .0149 
24.1000 4.5783 .0149 

SAMPLE #4 
25.1600 2.4698 .004099 
Zo lo96 Cel 53 .004099 
Zo .02o2 27077 > 007575 
25.0000 2.8084 20077 S 
24.6818 Ae LS —O0256 
24.6800 S01 22 .00838 
29.5674 Zio 07S -0Cé> 
24.5200 5.1648 OlGco 
24.4148 3.3048 .01306 
24.9400 on 2 oon .01306 
24.0714 GS oa6 .0149 
24.0900 4.59059 .0149 
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Fl 


CHZ) 


- 5687 
Boo. 
- 3640 
. 3499 
.1840 
eeu 
fo) 50 
neo UG 
.0013 
melZo 
.480) 
.5483 


.8493 
BOuoS 
6.05 1 
.6489 
aol 90 
wo O07 
woes 
poe 0 
e015 
.0443 
.5498 
-4882 


MODE 2 - AS QUENCHED SAMPLE 


FN LOS 
CH2Z) FACTOR 
C%) 

13065 scl te 
1305596. 2500 
130.4587 3476 
1 30,5576" = Sole 
130.48 4982 
130.4785 .4001 
130.44 3833 
150 32Scm 0646 
1 SOR 4 See: S204 
130833669 7.393) 
130257 .5168 
1303358 33257 


TABLE 7 


STRAIN 


C5) 


.00587 
.00587 
O08 ai 
OO Sra 
SOL 579 
O1S7 2 
.02143 
02163 
.028493 
.02843 
“0542 
-03412 


AS QUENCHED SAMPLE 
MODE 2 


INPUT 


ACCEL 


(G) 


.5749 
27 Ge 
.6938 
.6438 
.8068 


(3! (Ojo) 35 


9419 
~9419 
1. 356 
17556 
itt oe 
Watto 


Pa) 


bP pad fs fs fe fe fe fe fe fs pe 


tN NUN CW WN OG WG CN WG OW WG 
oooooeooo°oeeooom 


CHZ) 


-457 0 
~I069 
. 3600 
seam 
7 1300 
.1869 
-coal 
se cou 
-1986 
-14949 
72008 
~2344 


bate eat be ee be be be be 
CN ON NON OWN WLW WG WG GWG WG 
oo0oooneoe0naeaeo0end © 


CH2Z) 


.8000 
FOG 
sol59 
2 OW 
-7O00 
27090 
21 200 
= COE 
-6280 
“p76 
Sor) 
-6564% 


144 
144. 
144. 
143. 
145°. 
143. 
142 
142. 
lap 
Toe. 
las. 
138. 


pod? / 
~2786 
.6987 
pene 
.6800 
.9700 
.0200 
-0400 
-6000 
.0000 
.0700 
-1300 


-1100 


0800 
1000 
8000 
0100 
0140 


.6400 


5900 


.6982 


7006 
4352 
S217 


TABEE S 


NOW eE 2-1 TORR NOL D SV sIPLES 


LOSS” 
FACTOR 
CY) 


278 
-7500 
eo 2 
.9806 
Heo S 
-8637 
. 1086 
-8816 
.8811 
-8430 
s2710 
ano. 


OOOO 0 BH Here A) NY AO 


.2730 
cou 
-8560 
On oc 
8675 
-8984 
.7943 
soca? 
.9432 
7 OaZ 1 
.7184 
aT SOT 


NNN eH =e OOoOCooo fea 


oooo0ooqoo°0oeo0oo 


oooqoqo q°ooq°oneo°o°oe 


MODE 2 

STRAIN Tew 
C%) ACCEL 

(G) 

SAMPLE #1 
.02614 1.2949 
.02614% 1.2989 
.02000 0.3632 
.02000 0.8692 
UNG ao 0.8059 
.01625 0.8059 
.01410 057252 
-01410 Ome oe 
BU099> 0.6008 
.00995 0.6008 
.00635 OF. 5 le 
.00635 Orolel 

SAMPLE #2 
.0064 0.5184 
.0064% 0.5184 
.00989 0.602] 
.00989 0.602] 
.01450 On cae 
.01450 0.7227 
BO1632Z 0.8066 
eu l63Z 0.8066 
202250 0.8620 
puz2 50 0.8620 
FU2596 }.2oo) 
-02598 Vecooe 
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Fl 
CHZ) 


136n 
lL Som 
1 Soe 
138 
14] 
14] 
142. 
142. 
141 
143. 
143. 
143. 


143. 
143. 


L435 
142. 
142. 
14] 
141 
ero 
hoon 
136 
HOG. 


8060 
STA, 
1849 


-4939 
.4078 
3241S 


Cara 
4095 


.4718 


o200 
8748 
9244 


9155 
8819 


- 4833 


acc 
5754 
5716 


. 3603 
seo lc 


3409 
2812 


2206 


6255 


144. 


144 
144 
143. 
143: 
143. 
145). 
141. 
14] 
140. 
140 


- 5894 
-1801 
waa 
. 26494 
ae 
-8985 
sols 
20705 
moeOL 
.6064 
neo c 
wo226 


3067 


~c7S) 
of GH 
-4278 


6446 
656% 
9197 
8888 
va 


.1200 


Sao 


-4151 


CS oe | VAY hw heehee ert are 8 [ ro es er = 


FN. 


CHZ) 


159 


158 
158 
158 
158 
153 
158 
Loe 
157 


159 


158 
158 


15 
157 


-4200 
159% 
lo 3 
9. 
.6800 
.7200 
.6100 
.6000 
.2600 
.2000 
.8300 
-6800 


4600 
1600 
1800 


-4837 
159. 
1k 
P50 
Lace 
ico 
aoe 
- 5048 
Lo. 
T5338 
.8000 
.8200 


4794 
1600 
1437 
7600 


2000 
1750 


MODE 2-2 HOUR AGEDISAgiRiges 


LOSS 


FACTOR 


Pat ad hat ad ad at at at pt pe pe 


b— A) bt SY OO pe 


C%) 


.0780 
.0600 
1315 
-1865 
.2690 
.2740 
oon! 
G7 
~4239 
- 3607 
- 8664 
.8273 


-0346 
-0500 
.1889 
-1894 
226 010 
-2114 
.1134 
10978 
~4587 
- 3427 
.0025 
~8745 


TABLE 9 


MODE 2 

STRAIN INPUT 
C%) ACCEL 
C%) 

SAMPLE #3 
.0044 522] 
.004%4 22) 
.0067 6008 
.0067 6008 
.0085 6510 
.0085 6510 
.0088 1192 
.0088 7192 
O.G 3094 
.0116 8094 
write Tron 
O1lti 1.1575 
SAMPLE #4 
.0042 - 4606 
.0042 -4606 
.0067 .6005 
.0067 .6005 
.0084 -6473 
.0084 -6473 
.0097 .7190 
.0097 -7190 
.0115 .8067 
.0115 .8067 
-Ol76 (1. lss4 
0176) 1 los 


Fl 


CHZ) 


15S. 
-6148 
ole 
.came 
-6732 
.7089 
- 5543 
Tag 
5. 
. Lae 
- Jie 
156 « 


158 
io 
Oe 


Ss 
ie? 


15? 
156 


5608 


1332 


2393 


S656 7 
-6422 
clay 
19g 
-9899 
- 1650 
65% 
-6597 
.0461 
. Lo 
2199 
-3409 


fiz 


CHZ) 


160. 
160. 
160. 
160. 
1S 
159 
159 
159 
159. 
7 
TSO: 
15a. 


2195 
3051 
1002 
1243 


-6868 
-1OED 
.6656 
-6830 


3867 


$2105 


S029 
1206 


. 5087 
sin? 
.1060 
- 0901 
209 
mole /.9 
-4025 
- 3748 
OOo 
22509 
eo7 99 
eo De 


FN 
(HZ) 


361 
361 


361 
361 
561 
361 
S01". 
SE 
361 
360 
360 


.8380 
soo/ 0 
22790 
weal | 
ley 0 
~lZ50 
.0130 


0540 


.0130 
30235 
eoAc 

.9014 


TABLE 10 


MODE 3 - AS QUENCHED SAMPLE 


LOSs 
FACTOR 
C%) 


ong 
~Loas 
cua 
- 3041 
Coe 

«2955 
Soot 
i250. 
-426 

-4227 
-4200 
~4229 


STRAIN 


C%) 


.0025 
.0025 
20027 
70 27 
.0031 
-0031 
.0039 
.0039 
.0045 
-0045 
.0054 
.0054 


MODE 3 


INPUT 
ACCEL 
(G) 


.4997 
.4997 
.6034 
.6034 
.6846 
-68496 
132 
sf Se 
iodo 
Sov 
1.1274 
ie 1276S 


Fl 
(HZ) 


S61 . 
361 


360. 
.8099 
-6500 
- 5667 


360 
360 
360 
3560. 
3560. 
SSO 
360. 
S00. 
ag .0). 


3750 


. 4500 


8380 


4750 
4131 
2220 
2605 
1540 
1383 


2617..7 500 
361.7865 
361.6700 
361.6645 


"5 ew sf 


a ee, = & 


i 


SS 


Se eS SS ee OE 


tee ON AEE ge a ae ts 


OT GES AN SUV ENV LINE RAT oe 


- *= 


SS TS 
eo amt 


FN 


(HZ) 


384 
384 


56358 
Soon 


Soe 


562. 
5O es 


381 
381 
561 
381 
Son 


-6900 
-6286 
G92] 
43800 
D002 
6000 
0427 
ee) 
-5849 
-44900 
-4704 
.2800 


ON De 
~6327 
.4917 
-4852 
oo 
. 5894 
.6427 
suo 2 
woe 
-4982 
ace 
-4407 


MODE 3 - 1! HOUR AGED SAMPLES 


LOSs 


FACTOR 


bt pet a peed ed pd ped pe et es es 


ee i op 


(%) 


.0294 
.1075 
-2459 
PouSs 
~2092 
M2 Oe 
22052 
- 5091 
aoe 
~1745 
“Soo 
- 4464 


-0524 
.1005 
.2743 
. 3009 
-2143 
~2247 
~2821 
-o020 
.1800 
.1762 
-4C020 
»42493 


TABEES 


MODE 3 
STRAIN INPUT 
(%) ACCEL 

(G) 

SAMPLE #1 
.0016 .5815 
.0016 .5815 
.0019 .6373 
.0019 .6373 
.0026 .6934 
.0026 .6934 
.0034 .7436 
.0034 =. 7436 
.0035 .8975 
.0035 .8975 
.0038 1.1833 
.0038 1.1833 

SAMPLE #2 
.0016 .5892 
.0016 .5892 
.0020 .6451 
.0020 .6451 
.0027 ©. 7029 
.0027. .7029 
.0034 .7444 
.0034 .7444 
.0036 .9001 
.0036 .9001 
.0038 1.1578 
.0038 1.1578 


Fe) 


Fl 
CHZ) 


BO 2. 
S52 
561 
560 
380. 
580. 
37 9 
a7 9 
379 
279. 
378 
a7S. 


SOc . 
BO 


380 
380. 
380 
380. 
S57 9:: 
Sao 
379 
36 
576. 


6603 


-4987 
L051 


9801 
1876 
2399 


6277 
~4201 
~ Soul 


1999 


-8014 


5226 


5814 
S16 


.0485 
-9908 


1908 


-2466 


1898 
6078 
3208 


-2546 
.6794 


72493 


F2 


CHZ) 


386. 
386. 
5532 
385. 
564 . 
384. 
3849. 
3384. 
56352 
333% 
384. 
384. 


5S 6m 
S868 
joe 
562 
384. 
384. 
Soe 
384. 
ens. 
IS. 
534" 
584. 


—————— 


G46, 
G44, 
G44. 
GGG, 
443. 
G44, 
443. 
443. 
G43. 
443, 
443. 
443, 


MODE 3 = 2}OURIAGED SANIPLES 


KOSS 


FACTOR 


NON DH RH RRR ee ee 


RO RODD RR ee ee 


C%) 


- 5876 
.6000 
.7136 
LOL 2 
. 7080 
-8463 
-8789 
~8484 
+9779 
.0117 
oo 
L799 


-6562 
-o152 
«(9a9 
. 7868 
.8576 
~8154 
[oveu 
-8488 
.0128 
Oo 1 
.1866 
-eU>1 


TAREE 2 


MODE 3 

STRAIN INPUT 
C%) ACCEL 

(G) 

SAMPLE #5 
.00248 4343 
. 00248 -43493 
.00266 »4754 
.00266 »4754 
.00304 -6830 
.00304 “oCou 
.00306 750 
.00306 «7 Sle 
-00451 -8867 
.00451 8867 
-00588 1.1966 
00588 1.1966 

SAMPLE #4 
.00261 .4676 
.00261 -4676 
.00278 .4797 
.00278 ~4797 
eo OSie0 Ler 
.00310 St U27 
0a. 5 wh oe 9 
.003153 e157 9 
.00400 -8686 
.00400 .8686 
GG 1.2920 
-VUSlS 1.2920 


Fl 
CH2Z) 


441. 
G4) 
440 
440 
G40. 
440. 
G40. 
G40. 
439 
439, 
438. 
438, 


GG0. 
440. 
440 
4G0. 
439. 
440. 
439 
439 
439 
ao. 
438. 
438. 


oro 


.4003 
.9087 
-8038 


8525 
5749 
0631 
1541 


og he 


2159 
3935 
3102 


6453 
6766 


Zou 


ci7s 
8762 
0094 


stole 
26155 
oy Oe 


oie 
3149 
2640 


F2 
CHZ) 


G48. 
G48. 
GG8. 
GG8 


G48 
G48. 
G48. 
G48 
448. 
448. 
447. 


G47. 
447 
G48. 
448 
G48. 
G48. 
448. 
G48. 
G48. 
GG8. 
GG8. 
648, 


4351 
Soy 
5295 


POO 2 
G48. 
soon 


4471 


4099 
a0 59 


sess 


1414 
0563 
9298 


9147 


-84934 


1820 


2150 


0344 
0706 
1288 
0205 
3068 
3596 
0051 
0359 


a ue 


a 


> 


os ox 


ee a ee 


wh “so 


Ne = ew Sof ss = 
4S Re ST 


Cav € wwe 


.d Bower - 


- ~ * : 
--s --* ~~s —-- + ew > ~ “- 
OR wk ee ee ee ee eT ee ee SCOT 


TABLE 


13 


MODE l=UNAGED SAMPLE (SMES N Ec) 


5 
CH 


202 
20. 
eur 
20. 
20 
ZUR 


N 
2) 


-2450 


1750 


LOSS 
FACTOR 
C%) 


MODE 1 
ONEPT SINE: hESt 
STRAIN INPUT 
C%)3 2° ACCEL 

CG) 
Ole eS) 
.0146 aoc 
.0167 Do? 
s02i5 ~5675 
.0225 aD? 
~0255 . 5870 
TABLE 14 


F 
CH 


] 
2) 


-2549 
.2349 
sce 
geo il? 
. 1848 
.0954 


Fe 
CHZ) 


o150 
» 3150 
- 3009 
so eee 
wo0o2 
- 2546 


MODE 1-1 HOUR AGED SAMPLES (SWEPT SINE) 


FN 


CHZ) 


.8600 
.8200 
.7200 
.7000 
-6800 
-6500 
-5400 


-8600 
.8400 
.7500 
.7100 
.6600 
.54C00 
-4900 


LOSS 


FACTOR 


— 


Sed ed ee 


Ch) 


-4904 
209 9 
-6400 
.7005 
s07 29 
.8199 
-9898 


oo? 
soGo7 
7fe05 
-7402 
woo6 
-9601 
20709 


.01530 
.01484 
Ota 5 
.Oly2 
.01964 
O21 01 
.02287 


.01463 
-01602 
-01834 
a0 977 
- 02084 
Ugser 
.02481 


MODE 
SWEPT 5S 


STRAIN 
C%) 


SAMPLE 


SAMPL 


ced ced = oe oe oe | mm mHmOaondeaq 


133 


i, 
INE 


INPUT 
ACCEL 
CG) 


$1 


.5204 
sOS16 
soOLe 
Omer 
.7269 
7943 
.0109 


$2 


- 5204 
sou9 5 
20295 
-7431 
OOo 
.1000 
.0880 


Fl 
HZ) 


“6971 
-6520 
-5419 
sk 5 
I, 
-4530 
De oT 


-6928 
-6664 
moc? 
end 
-4651 
Oo 
- 2880 


F2 
CH2Z) 


22.0229 
21.9880 
21.8981 
21.8845 
elaooe I 
21.8470 
21.7545 


cc. U2Zic 
Ze W156 
2129 Sau 
21.8969 
el. 8599 
elai sit 
ete Gae0 


TABLE tS 
NiOOE 2? HOUR A GEbsswiPVLES (SWEPT SINE) 


2 HOUR AGED SAMPLES 


MODE 1 
SWEPT SINE 
FN Loss STRAIN INPUT Fl F2 
(HZ) FACTOR (%) ACCEL (HZ) (HZ) 

(% (G) 

SAMPLE #3 
25.010 1.8760 0023 -485] 24.7754 25.2446 
24.98 1.9055 .0033 .5333 24.7420 25.2130 
24.96 2.9223 .007) .5819 24.5953 25.3247 
24.58 3.0016 .0097 6565 24.2111 24.9489 
24. 5Gue S059 1 .0120 16789 24.1621 24.9079 
24.51 3.2060 0123 wiv) )2aeli7) © 24.9029 
OG 27 3.8475 .0138 7759 23.8031 24.7369 

SAMPLE #4 
25 Olsen .c806 0023 .4912 264.7778 25.2482 
24.992 1.9094 .0031 .5298 24.7534 25.2306 
24.927 2.8989 .0048 .5752 24.5657 25.2883 
24. S73 02 5 0099 6317 24.2009 24.9411 
24.543 3.0289 .0128 me80G 92471713 © 24.9147 
24.498 3.2141 0126 .7275 24.1043 24.8917 
24.301 3.8624 Pod 37 7a 2588317 © 24.7703 

PAE ee siG 


MODE U NAGEDrser iP LE (SWEPT SINE) 


FN 


CHZ) 


130 
130 
130 
130 


ee 


130 


-6500 
-4250 
so/ 20 
5) SSN) 
3750 
-4500 


LOSS 
FACTOR 
C% 


yOaoO 
sOrsod 
+3835) 
~4218 
-4349 
-4638 


AS QUENCHED SAMPLE 


MOD 
SHERI one. 1 EST 


STRAIN 
C%) 


.0053 
ee 
.0060 
O05 
.0115 
.0124 


Ee 


INPUT 
ACCEE 


(G) 


.5503 
-5615 
1Jo0 9 
O12 
-6201 
.652% 


130 
130 


Fl 
CHZ) 


~4375 
aoG oS 
130. 
130. 
150" 
130 


1250 
O75) 
O29 15 
1475 


C 


130 
130 
130 
130 


F2 
HZ) 


-8625 
.6685 
101200 
-62499 
-6585 
a2. 


_ 


Ne NOU VCED AT OO VENI MI eR ENE 


FN 
CHZ) 


pe 
DPOHDHDHW 
DANN © Oo 


144. 
144. 
143. 
142 
140. 
1358. 


-14987 
soo92 
-4606 
-9968 
.0149 
.1266 


0080 
2 30 
19380 


-6100 


0841 
Doce 


MODE 2-2 HOURSARIV@ES (Si Ciao) 


FN 
CHZ) 


70 
. 380 
-210 
-960 
-670 
0 
- 340 


.690 
soo 
-240 
ioa0 
- 580 
Soa 
. 560 


OOFrR NN 


NNR OOo 


1 HOUR HEAT TREATED SAMPLES 


LOSS 


FACTOR 


C%) 


- oO 0 
- 1006 
-8427 
-1820 
.8430 
Soca 


-2854 
2ovc3S 
-8984 
21795 
-0145 
.7069 


EOSS 
FACTOR 


C% 


TABEE 
MODE 2=7HOUR SAMIREESG esr) 


MODE 2 
SWEPT SINE 
STRAIN INPUT 

(x) ACCEL 
(G) 
SAMPLE #1 
02104  iees109 
-02064 0.9012 
-01584 0.8259 
01488 0.7189 
01095 Usa 
00742 0.5421 
SAMPLE #2 
.0039 0.5373 
yO1205 0 e117 
01534 »=0.7341 
Oi721 Boos 
02540 0.84651 
02848 “12805 
TABLES 


— i th 


— eee be 


seh UE 
-1068 
-1406 
noel 
. 3008 
moO D2 
~4092 


oS 
1009 
. hoe 
-2207 
. 3026 
- 3984 
-4118 


MODE 2 
SWEPT SINE 
STRAIN INPUT 
C%) ACCEL 
(G) 

SAMPLE #3 
.0031 #.4851 
.0048 2556 
0059 -D012 
.0071 0505 
.0086 .6789 
.0089 ~7274 
-01037 “<7753 
SAMPLE #4 
OOS -4902 
.0050 <2300 
.0060 - 5824 
.0072 -6334 
.0086 200 cl 
200.90 soo 
-O103 -7780 


2 HOUR AGED SAMPLES 


¢ 


159% 
158% 


158 
Lay 
57 
To? 
T52 


158 
158 


1582 


157 
157 
157 
157 


Bl 
CHZ) 


136 


143 
143 


p— bh ps ps bs 


WNWNDaD DD 
ON Oo A) NW 


Fl 
He) 


CU 
a. 
141. 
142. 


4095 
1480 
TST7 


-4079 
Nee ee 


-8025 
-4964 
- 5548 
~ 3413 
fOr ol 
-6769 


— ht bt et pe 
DADHDHDDHD DH 
DH BDWNNA © 


F2 
CH) 


.0897 
- 3689 
soe 
~8419 
-6219 
. 3610 


neo S 
-1.556 
-8412 
por Oe 
.4951 


4274 


0030 
4980 
wa020 
.9890 
-6380 
. 0 5 
~2243 


-9628 
.4657 
3163 
.9600 
~o4e< 
-4116 
~2421 


-4570 
yao 0 
-1180 
ey 
-7020 
-6725 
~4557 


-4178 
eens 
Poot 
.90C0 
.6128 
-6284 
-4779 


FN 
CHZ) 


361 
On. 
a6 le 
360 
360 


-8000 
- 3750 


1000 


.8000 
.7500 


EGSS 
FACTOR 
C%) 


sloo9 
nee 
ao > 
1096) 
. 3900 


TARE 
WOO Ee oeseN AGE WS awieei(S VEPT SINE) 


MODES 
SWEPT SINE TEST 


STRAIN INPUT 
C%) ACCEL 


(G) 
Daomcn. asco 
"00141 4899 
"90209 6099 
"00273 .6799 
"00348 .7820 
TABLE 20 


Fl 
CHZ) 


361.4563 
SOU .992! 
360.5809 
560.0815 
360.0465 


Ee 
CHZ) 


362.1437 
So1.75/9 
561.6191 
S61, 5185 
361.4535 


mODE 3-1HOUR AGED SAMPEES (SWEPT SINE) 


FN 


CHZ) 


384 


Sco 
Sor. 


381 
oo. 
381 


384 


383. 


382 


Sia. 


Jo 
381 


-620 
420 
640 
-880 
. 560 
.200 


-640 
540 
-860 
360 
.860 
.240 


LOSS 
FACTOR 
C%) 


-co uo 
- 2868 
ve 09 
ole L 
~ 3214 
-4541 


St 


-1876 
- 2074 
-2208 
-2786 
- 3284 
.4021 


b— bo bad bad pas pe 


MODES 
SWEPT SINE 
STRAIN INPUT 
C%) ACCEL 

CG) 

SAMPLE #1 

.0020 ~6015 
.0024 sOcta 
00129 1 O15 
a0053 shoe 
7003/7 .9032 
20038 1.696 
SAMPLE #2 

.0018 ~56ac 
.0024 .6190 
.0028 .7002 
. 0036 -7641 
SOGS7 One 
00460 1.1769 


136 


a 
CHZ) 


BO2.2e2o 
530-9551 
So0 2555 
a4 J. oa 
378.8404 
378.4285 


902.0500 
381.2246 
380.5230 
S19 9156 
Sg. ocol 
573.5673 


ae 
CH2Z) 


DOG. go) o 
385.8869 
385.0447 
DOW. 5525 
383.8796 
BOS. 9715 


386.9240 
385.8554 
589 209 720 
384.8044 
584.5965 
563-9127, 


TAIHEE 21 


MODE 3=2 HOUR SAMPLES#S 3) EIS E} 


FN 
CHZ) 


444. 


G44. 
.6998 
6947 
644, 


444 
444 


644. 
444. 


444, 
444 
446. 
444. 
446. 
G44 
G44, 


70902 
7137 


6902 
Sol 
3007 


7184 


7 ue 


6681 
6754 
Siac 


~ 3291 


3.00 


LOSS 


FACTOR 


bt pat bd at ped ped pe 


bt at tt bt 


C%) 


~7542 
77Oo. 
s7ol2 
U7 
26595 
Zo57 2 
ol Go 


-7802 
ems 1 
-8324 
= O90 
.8582 
-8664 
9 E92 


MODE 3 
SWEPT SINE 
STRAIN INPUT 
ci) ACCEL 
(G) 
SAMPLE #3 
.00266 .4851 
-00261 .53555 
00269". J010 
200286 .6o00 
- 00299 a7 57 
.00300 .7274 
~CO395 a 
SAMPLE #4 
.00271 .4902 
-00284 .5284 
.00285 582s 
.00292 "Gone 
J005 25 pe Gila 
00318" .7 S02 
S003S5— .7 ee 


ee. 


cL 
CH2Z) 


G40. 
440 
440 
440. 
440 
440. 
4G0. 


440 
440 
440. 
440 
G40. 
440. 
440. 


8086 


- 7489 
TOS 


Toe 


.6002 


1747 
0881 


7 Sag 
.6787 


5941 


-6431 


5417 
1777 
0365 


F2 
CH2Z) 


448. 
448 
448 
448. 
648 
448. 
448. 


448. 
448 
448 
448 
448 
448 
G48, 


6096 


-6785 
-66053 


6763 


s7oUg 


G275 
Doo 


6768 


7417 
-7421 
.7077 
-80497 
.4705 


eo 


TORSION SAMPLE DATA 


TABLE 22 
TORSION = SOLE TION ANNEALED SAMPLE (RANDOM INPUT) 


SOLUTION ANNEALED SAMPLE 


LOSS INPUT STRAIN 
CHZ) FACTOR ACCEL C%) 

C%) CG). 
S302 1716 - 5846 .002045 
$3526 -ccou oe -002439 
Soe16 ~2741 -6022 ~002564 
Sa.12 - 3008 sO suo 1 
Soe . 3200 -Oo0) .002958 
82.84 poco -6458 ~003539 
S25 Sood > -6505 -003655 
62.19 2602 -6564 .003986 
81.56 - 3654 -6621 .004577 

TABLE 23 


TORSION - SOLUTION ANNEALED SAMPLE (SWEPT SINE) 


SOLUTION ANNEALED SAMPLE 
SHEPT SINE 


FN LOSS INPUT STRAIN 
CHZ) FACTOR ACCEL C%) 
C%) (G) 

San cU .2860 -6104 ~002445 
81.85 #5005 -6210 .004611 
Si. 70 soon? -6826 -005393 
Sia -4376 1 oe .007064 
Sie 3 -4917 1 Jo .009055 
80.823 -9419 .7659 .011366 


138 


TABLE 254 
TORSION - 1 HOUR AGED SAMPLE (RANDOM INPCT) 


1 HOUR AGED SAMPLE 


FN LOSS INPUT STRAIN 
CHZ) FACTOR RCCEE C%) 
C%) CG) 
682675 eo? Soret OU 0505 
63—775 1.1458 . 00 002552 
68.750 1.1549 -6007 ~002553 
68.650 T2207, mals 2, ~00S393 
65.525 1.6417 -6353 .003805 
68.400 1.7544 -6463 .004459 
68.300 2 62am Coa -004723 
Seas SD 3.0903 -6554 -004653 
67.650 3.3629 -6615 .007416 
TABLET 2s 


TORSION = 1 HOUR AGED IPLE (S8VEP i SEN) 


1 HOUR AGED SAMPLE 


SWEPT SINE 
FN LOSS INPUT STRAIN 
CHZ) FACTOR ACCEL C%) 
C%) CG) 
68.400 Tl 6on2 517359 .003224 
68.075 1.9464 sor oD .003988 
68.075 2.0565 Oe .004333 
67.725 2.3255 -62497 .005900 
67.700 2.6209 6355 .007004 
67.475 2.9306 .6459 . O87 21S 
67.92¢5 5. 2U07 6207 .008068 
Gil Z> 5.6505 CD69 .008889 
60.925 5. 9N3? -6642 .010762 


139 


TABLE 26 
TORSION - 2 HOUR AGED SAMPLE (RANDOM INPUT) 


2 HOUR AGED SAMPLE 


FN LOSS INPUT STRAIN 

CHZ) FACTOR ACCEU C%) 
C%) (G) . 
68.346 Mw eee 5923 .004135 
68.100 2.1806 6764 .008949 
67.8494 2.8389 7044 .010144 
67.400 3.1899 Lye yp .013658 
67.375 3.49137 .7489 018575 
67.375 3.6735 1699 .020472 
TANG we 


TORSION - 2 HOUR AGED SAMPLE (SWEPT SINE) 


2 HOUR AGED SAMPLE 
SHert Sine 


FN EOS> INPUT STRAIN 

(HZ) FACTOR ACCEL C%) 
C%) (2%) 

GG00 75 eC .6176 .005121 
68.175 1.4668 -6236 .008149 
Gicc7 5 2.8405 oF 79 .010497 
67.450 4.0030 -7214 .019514 
67.250 4.0537 .7509 .018386 
66.600 4.1290 -7649 .020028 
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